Since the first discovery of microRNAs (miRNAs) in 1993, the involvement of miRNAs in different aspects of vascular disease has emerged as an important research field. In this review, we summarize the fundamental roles of miRNAs in controlling endothelial cell functions and their implication with several aspects of vascular dysfunction.
INTRODUCTION
The vascular endothelium is a multifunctional organ and is critically involved in modulating vascular tone and structure. The endothelium is the monolayer of endothelial cells lining the lumen of blood vessels in every organ system [1] . Endothelial cells are specially designed and spatially located to detect changes in hemodynamic forces and bloodborne signals, facilitate the bidirectional passage of nutrient substances and active molecules from blood to tissues, and control the passage of blood cells themselves [2] . Endothelial cells are metabolically active with important paracrine, endocrine, and autocrine functions, indispensable for the maintenance of vascular homeostasis under physiological conditions [3] [4] [5] [6] [7] [8] [9] [10] . Thus, the vascular endothelium is basically involved in the regulation of several aspects of vascular homeostasis, which includes: control of blood vessel development, growth and differentiation; control of leukocyte trafficking; control of vascular tone; control of vascular barrier; control of platelet function, coagulation, and fibrinolysis [3] [4] [5] [7] [8] [9] 11] .
Alterations in normal endothelial cell functions have been implicated in several diseases including atherosclerosis, diabetes, tumor metastasis, inflammatory diseases (e.g., rheumatoid arthritis), and hypertension [6, [12] [13] [14] [15] [16] . Vascular dysfunction perturbs the balance between vasoconstriction and vasodilation and initiates a number of events that trigger endothelial cell activation and prompt the vessel wall to increased endothelial permeability, leukocyte adherence, endothelial proliferation, prooxidation, and thrombosis [6, 8, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . All the processes in which endothelial cells are involved require a fine-tune synchronization of a series of molecular and cellular events triggered by both stimulatory and inhibitory signals that converge into a physiological regulated response. As such,
REGULATION OF VASCULAR DEVELOPMENT, GROWTH AND DIFFERENTIATION
During adulthood, the endothelium remains essentially quiescent, to fulfill its main function in conducting nutritive blood flow to organs, with turnover rates on the orders of months to years. Rapid changes in endothelial cell proliferation rates occurs following activation of endothelium by angiogenic cytokines [27] [28] [29] [30] [31] 32, 33 & ]. In fact, in the healthy adult, angiogenesis occurs only in select phases of the female reproductive cycle, to allow physiological adipose tissue expansion, as a protection mechanism in wound healing/tissue repair, and is almost exclusively associated with disorder when angiogenesis is induced by microenvironmental factors such as hypoxia or inflammation [34] [35] [36] [37] [38] [39] . The pathological processes associated with angiogenesis include diseases as diverse as cancer, macular degeneration, psoriasis, diabetic retinopathy, thrombosis, and inflammatory disorders, including arthritis and atherosclerosis. Moreover, insufficient angiogenesis is characteristic of ischemic heart disease, peripheral vascular disease, and preclampsia [34, 40] . The first evidence of the importance of miRNAs in vascular neovascularization came from both in-vitro and invivo approaches to knockdown enzymes involved in the biogenesis of miRNAs [41] [42] [43] (Table 1) .
microRNA (MiR)-126 is the prototype of an endothelial-specific miRNA, highly expressed in vascularized tissues, endothelial cells, and hematopoietic stem cells [43, 47, [81] [82] [83] . The role of miR-126 in vascular integrity and angiogenesis was reported by targeted deletion of miR-126 in mice [45, 46] and its knockdown in zebrafish [47] . MiR-126 was shown to target sprouty-related protein 1 and phosphoinositol-3 kinase regulatory subunit 2 (p85-b), both negative regulators of the vascular endothelial growth factor (VEGF) pathway [45] [46] [47] , enhanced angiopoietin-1 signaling through phosphoinositol-3 kinase regulatory subunit 2/p85-b repression [48] . The miR-126/ epidermal growth factor-like protein 7 gene is transcriptionally regulated by ETS proto-oncogene, transcription factor (Ets)-1 and Ets-2 in endothelial cells [81] and through the mechanosensitive transcription factor kruppel-like factor 2a (KLF2a) which in turn activated the VEGF pathway [49] . Consistent with the angiogenic properties of miR-126, van Solingen et al. [84] demonstrated that the use of antagomiR-126 impairs ischemia-induced angiogenesis.
The relationship between miRNAs and their host gene is especially relevant in miRNAs encoded within an angiogenic host gene including miR-149 [32] and the highly conserved miR-218 is an intronic miRNA encoded within the Slit2 and Slit3 genes [50] [51] [52] . Slits are secreted glycoproteins, which are the main ligands for roundabout receptors (Robos). In turn, miR-218 regulates Slit/Robo signaling through repression of Robo1, Robo2, and glucuronyl C5-epimerase, an enzyme involved in heparan sulfate proteoglycan biosynthesis and thus regulating endothelial cell migration overall retinal vasculature [51] and required during heart development in zebrafish [50] .
The miR-17-92 cluster is one of the best-characterized polycistronic miRNAs and is located in intron 3 of the C13orf25 gene (chromosome 13q31.3). MiR-17-92 encodes six individual miRNAs: miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and miR-92a, which are tightly grouped within an 800 base-pair region [85, 86] . The miR-17-92 cluster is involved in cell proliferation, suppresses apoptosis of cancer cells, and induces tumor angiogenesis [87, 88] . In the context of endothelial cells the miR-17-92 cluster is induced upon VEGF treatment [43] . In particular, extracellular-signal-regulated kinase/ETS transcription factor (Elk)1 activation is responsible for Elk-1-mediated transcription activation of the miR-17-92 cluster which in turn is necessary for endothelial cell proliferation and angiogenic sprouting [ 
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conditional deletion of miR-17-92 have blunted physiological retinal angiogenesis during development and diminished VEGF-induced ear angiogenesis and tumor angiogenesis [33 & ]. The miR-106b-25 cluster, which is evolutionarily related to the miR-17-92 cluster, is also involved in angiogenesis, indeed its absence in a model of hindlimb ischemia impaired the capacity of restoring normal blood flow and significantly decreased capillary form [89] , effect was attributed to the ability of the cluster to inhibit proliferation, migration, and viability in endothelial cells. In other model systems [53, 54, 90] , members of the miR-17-92 cluster have different outcomes. Single overexpression of premiR-17, premiR-18a, premiR-19a, or premiR-20a significantly inhibits three-dimensional spheroid sprouting in vitro, whereas their individual inhibition has an opposite outcome [54] . This is in contrast to the genetic endothelial cell-specific deletion of the whole miR-17-92 cluster [33 & ]. A possible explanation for these discrepancies is that miR-17-92 levels vary significantly in response to VEGF, suggesting that growth and culture conditions influence basal miRNA expression, and therefore, cluster function in cultured endothelial cells. MiR-17-92 has been additionally involved in the regulation arterialization and highlights the importance of miRNA-mediated regulation of vascular wingless integrated protein signaling in maintaining arterial blood flow [55] .
The miR-23-24-27 cluster is expressed in endothelial cells and vascularized tissues and is heavily involved in angiogenesis during vascular disorders and ischemic heart disease [56, 57, 91] [58]. In particular, miR-23 and miR-27 repress Sprouty2 and Semaphorin-6A, which negatively regulate Ras (rat sarcoma oncogene homologue derived protein)/ mitogen-activated protein kinase signaling and vascular endothelial growth factor receptor 2-mediated signaling, respectively [56] [59] , and miR-24, is highly expressed in cardiac endothelial cells and its expression increases in cardiac ischemia and in hypoxic conditions [57] and targets the transcription factor [GATA2 (transcription factor that bind to ''GATA'' DNA sequence)] and the p21-activated kinase. Interestingly, the expression of several members of the miR-23-24-27 cluster, in particular miR23b and miR-27, are upregulated by shear stress and correlate with pulsatile shear-induced endothelial cell growth arrest [92] .
As described above, miRNAs do not only control the angiogenic response, but their expression may also be regulated by proangiogenic factors [32, 33 & ]. MiR-132 expression levels are undetectable in quiescent endothelium, whereas it is highly expressed in endothelium in tumors and hemangiomas and VEGF and basic fibroblast growth factor (bFGF) increased its expression through cAMP response element-binding protein activation in endothelial cells [27] .
Interestingly, several studies have demonstrated that interleukin 3 and bFGF are released by infiltrated T-lymphocytes in the atherosclerotic plaque, promoting neovascularization [28, 29] . Interleukin 3 and bFGF negatively modulated the expression of miR-221/miR-222 in endothelial cells and signal transducer and activator of transcription 5A, a transcription factor that regulates the expression of genes involved in cell proliferation and migration, was identified as target for miR-222 [30] .
MiR-150 is contained in monocyte-derived microvesicles, both from the monocytic cell line, THP1, and from human peripheral blood monocytes [60] . The miRNA can be transferred to endothelial cells and induce downregulation of c-myeloblastosis transcription activator factor (c-Myb), which is responsible for the increased migratory capabilities of endothelial cells. Moreover, patients with severe atherosclerosis had circulating microvesicles that were enriched in miR-150 compared with control patients, suggesting that their microvesicles might be either partially responsible for the vascularization of atherosclerotic plaques or might be a marker of it, as they have a higher monocyte infiltration in the lesion [60] .
As before anticipated, the formation of new blood vessels is an essential component in pathologies such as ischemia, where interrupted blood flow deprives tissues of oxygen and nutrients necessary to maintain their normal functions. In response to ischemia a class of miRNAs, known as 'hypoximiRs', is characterized by the altered expression in response to hypoxia [93] . MiR-210 is an intronic miRNA contained within the sequence of the nonprotein transcript MIR210HG (miR-210 host gene) located on chromosome 11 and its expression is induced in hypoxic conditions in a hypoxiainducible factor-1a-dependent manner, enhancing the development of capillary-like structures and VEGF-induced chemotaxis in endothelial cells [61] , whereas improving cardiac function in a murine model of myocardial infarction [62] . Additionally, the expression of miR-210 is upregulated in atherosclerotic plaques providing a link between this miRNA and endothelial cell dysfunction in atherosclerosis [94] . Given the complex stimuli in hypoxia, the angiogenic function of certain miRNAs differs compared with normoxia [31] . For instance, hypoxia increases the expression of miR-424 by PU (hematopoietic transcription factor derived from Spleen Focus Forming Virus homologue oncogene).1-dependent transactivation in endothelial cells. MiR-424 was shown to target cullin 2, a scaffolding protein critical for the assembly of the ubiquitin ligase system, which stabilizes hypoxiainducible factor-a resulting in increased proliferation and migratory capabilities in endothelial cells [63] .
Endothelial cell senescence plays a crucial role in the pathogenesis of aging-related diseases such as cardiovascular dysfunction and atherosclerosis [95] . MiR-217 negatively regulates the expression of silent information regulator 1, a Nicotinamide adenine dinucleotide þ -dependent deacetylase, which prevented stress-induced senescence and mediated angiogenesis through deacetylation of the forkhead transcription factor (Forkhead Box Protein O1) [64] . On the other hand, aging, which is associated with an increase of reactive oxygen species and promotes senescence, decreases the expression of miR-146 in endothelial cells which is implicated miR-146 in the negative regulation of NOX4, the main endothelial isoform of the NADPH (reduced Nicotinamide adenine dinucleotide phosphate) oxidases complex [65] . Interestingly, diminished autophagic activity has a major role in several aging-related disorders. MiR-216a has been shown to be induced during endothelial aging and thus mediating the reduction of the expression of Beclin 1, leading to an indirect downregulation of autophagy related 5 [66] .
REGULATION OF BARRIER FUNCTION
The vascular endothelium lining the inner surface of blood vessels serves as the first interface for circulating blood components to interact with cells of the vascular wall and surrounding extravascular tissues. Endothelial cells form a monolayer, within the blood vessel, by which the cells are linked to each other by different types of adhesive structures or cell-cell junctions (i.e., tight junctions, adherens junctions, and gap junctions) and cell attachments to extracellular matrix and basement membrane [96] . This permits a selective barrier to form for the transport of molecules between blood and tissues [97, 98] . Appropriate regulation of these events maintains a low and selective permeability to fluid and solutes under normal physiological conditions. Endothelial barrier dysfunction occurs during stimulation by inflammatory agents, pathogens, activated blood cells, or disease states [99] . The pathophysiology is characterized by excessive flux of plasma across the exchange microvessel wall into the surrounding tissues [100] .
Hantaviruses infect human endothelial cells and cause two diseases marked by vascular permeability defects, hemorrhagic fever with renal syndrome and hantavirus pulmonary syndrome [101] . In this setting, miR-155, miR-320, miR-126, and miR-222 have been shown to regulate adherens junction disassembly, cell migration, and cell morphology, which contribute to changes in vascular permeability [102, 103] . Upon VEGF stimulation, the expression of miR-125b has been shown to be transiently induced in endothelial cells which in turn downregulates the translation of vascular endothelialcadherin messenger RNA (mRNA) [67] and thus affecting normal barrier function [67, 101] . More recently, miR-147b have been described to regulate endothelial barrier function by targeting a disintegrin and metalloproteinase15 expression. This protein has been shown to be upregulated and mediate endothelial hyperpermeability during inflammation and sepsis and in lipopolysaccharide-induced endothelial barrier dysfunction overexpression of miR-147b was attenuated this response [68] ( Table 1) .
REGULATION OF VASCULAR TONE
Vascular tone is maintained by the endothelial cellmediated release of numerous dilator, such as Nitric Oxide and prostacyclin or prostagladin I2, and constrictor substances including endothelin and platelet-activating factor [5] . These potent short-lived mediators that influence vascular hemodynamincs in the physiological state and, therefore, contribute to the regulation of blood pressure and blood flow. Nitric Oxide is generated in endothelial cells by the oxidation of L-Arginine to L-cytruline by endothelial nitric oxide synthase (eNOS) [104, 105] which is a constitutively expressed gene in endothelial cells that can be upregulated by increases in shear stress of growth factors, such as VEGF and some drugs, including 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins). Conversely, hypoxia, lipopolysaccharide, tumor necrosis factor (TNF), and ox-low density lipoprotein (LDL) decrease its expression [106] . Preliminary studies showed that knockdown of Dicer increased eNOS expression in endothelial cells [42] (Table 1) . Transfection of miR-221 and miR-222 mimics partially reversed the increases of eNOS protein attributable to Dicer silencing, suggesting miR-221 and miR-222 were involved in an indirect control of eNOS expression [42] . The direct control of eNOS expression is mediated by miR-155 downregulated eNOS expression through decreasing eNOS mRNA stability by binding to its 3-untranslated region [69] . Interestingly, TNF increased miR-155 expression in endothelial cells [72] and knockdown of miR-155 prevented cytokine-induced downregulation of eNOS expression, reduction of NO production, and impairment of endothelium-dependent vascular relaxation [69] .
Recently, guanosine triphosphate cyclohydrolase 1 (GCH1) has been reported to be targeted of miR133a. GCH1 deficiency is critical for eNOS uncoupling in endothelial dysfunction. Ectopic expression of miR-133a in endothelial cells mediates endothelial dysfunction induced by multiple cardiovascuar disease (CVD) risk factors. Interestingly, statin upregulates GCH1 gene expression by inhibiting aberrant miR-133a expression to prevent endothelial dysfunction [70 && ]. Local disturbances in blood flow have been show to trigger smooth muscle cell contraction, migration, and proliferation in addition to activate platelet and leukocyte activation and adhesion [5, [107] [108] [109] . These undesired effects explain why diminished Nitric Oxide secretion in regions with disturbed flow, such as arterial branch points, are prone to develop atheromas [110] . Additionally, hemodynamics itself has a profound effect on miRNA expression, and differentially regulated miRNAs contribute to the regulation of shear stress-mediated transcriptional programs [95, 111] . Several reports showed that shear stress induced the expression of miR-21 with contrasting effects. In particular, laminar flow increased miR-21 and reduced apoptosis and increased Nitric Oxide production by modulating the Phosphatidylinositol-4,5-bisphosphate 3-kinase/Protein Kinase B Alpha pathway, overall ameliorating endothelial cell functions [112] . However, under oscillatory shear miR-21 expression is induced promoting endothelial inflammation peroxisome proliferators-activated receptor-a and activator protein-1-mediated mechanisms [113] .
Endothelial cells also synthesize endothelin-1 (ET-1), one of the most potent vasoconstrictors which expression and secretion is stimulated by hypoxia, shear stress and ischemia [114] . MiR125a/b has been involved in the regulation of the potent vasoconstrictor ET-1. Interestingly, its expression has been shown to be regulated by oxidized LDLs [71] . Owing to the relevance of ET-1 in many vascular diseases such as hypertension, atherosclerosis and stroke, targeting of miR-125a/b could provide an important therapeutic approach.
CONTROL OF LEUKOCYTE TRAFFICKING AND INFLAMMATION
Inflammation is usually defined as the local recruitment and activation of leukocytes [11, 18, 115] . Inflammatory cytokines including interleukin 1 and TNF-a, are predominantly involved in the inflammatory activation of endothelial cells acquiring new capacities, therefore, controlling a multistep process in which leukocytes first transiently tether to and roll on the endothelial cell surface, then adhere more strongly and migrate over the endothelium, and finally squeeze between endothelial cells to emigrate from the intravascular space to the extravascular sites of inflammation [116, 117] . The interaction of leukocytes with endothelial cells is mediated by the release of P-selectin from WeibelPalade bodies [118, 119] and increased expression of adhesion molecules, such as E-selectin (E-SELE), vascular cell-adhesion molecule 1 (VCAM1) and intracellular adhesion molecule1 [115, 120] .
Several studies have shown that inflammatory inducible expression of miRNAs also contribute to the regulation of inflammatory response of endothelial cells [121] (Table 1 ). In addition to miR-155 (prototype of TNF-induced miRNA in different cell types), TNF induces the expression of miR-31 and miR-17-3p, among others. Interestingly, E-SELE and intracellular adhesion molecule1 were identified and validated as targets of the TNF-induced miRNAs, miR-31, and miR-17-3p, respectively [72] . Specific antagonism of these TNF-induced miRNAs increased neutrophil adhesion to cultured endothelial cells. MiR-126, a constitutively expressed, but endothelial cell-restricted miRNA, has also been involved in vascular inflammation by modulating VCAM-1 expression induced by TNF [73] . However, the expression of this miRNA was not affected by TNF treatment [72] . TNF also induces the expression of miR-181b which in turn regulates the expression of importin-a3 (karyopherin subunit alpha 4), a protein required for nuclear translocation of nuclear factor-kB (NF-kB) and thus reducing the expression of responsive genes, such as VCAM1 and SELE in endothelial cells in vitro and in vivo [74] .
MiR-10a also negatively regulate the NF-kB pathway by targeting mitogen-activated kinase kinase 7 (MAP3K7) and b-transducin repeat containing gene (bTRC), two regulators of the proteosomal degradation of NFKB inhibitor alpha and p65 translocation in endothelial cells [75] . The expression of miR-10a is decreased in athero-susceptible arterial regions, whereas the expression of MAP3K7 and bTRC is upregulated, suggesting that the differential expression of miR-10a could contribute to the regulation of proinflammatory endothelial phenotypes in atherosusceptible regions [75] . Interestingly, it has been recently shown that endothelial cells secrete extracellular vesicles [76] with potent antiinflammatory activities that can be attributable in part to the transfer of miR-10a to monocytes/macrophages and suppression of several components of the NF-kB pathway, including Interleukin-1 receptor-associated kinase 4 (IRAK4), b-TRC, and MAP3K7 [77 & ].
In addition to TNFa, interleukin 1b induce the expression of miR-146a and miR-146b in endothelial cells. MiR-146a/b upregulation favors the downregulation of adhesion molecules and proinflammatory genes, by suppressing NF-kB and MAP kinase/early growth response pathways by direct targeting of TNF receptor-associated factor 6 and IRAK1 [78] . In addition to its direct effect on inflammatory pathways, miR-146a targets human antigen R and, loss of this protein decreases cell adhesion molecules and inhibits endothelial activation by releasing the suppression on eNOS, probably by stabilization of the transcription factor KLF2 [78] .
Atherosclerotic lesions preferentially originate and develop at arterial sites of curvatures, branches, and bifurcations where complex hemodynamic conditions of disturbed flow are associated with endothelial phenotypes expressing proinflammatory and procoagulant susceptibility [122] . Deficiency of Dicer in the endothelium of Apolipoprotein E À/À mice reduced monocyte adhesion to the early atherosclerotic endothelium by downregulating chemokine (C-X-C motif) ligand 1, and thereby diminished lesion formation. Thus, endothelial Dicer activity at arterial sites predisposed to atherosclerosis may play a proatherogenic role by generating proinflammatory miRNAs. [124] . Many of these miRNAs were initially identified as flow-sensitive in vitro and were later found to play a critical role in endothelial function and/or atherosclerosis in vivo through either gain-of-function or loss-of-function approaches. The key signaling pathways that are targeted by these mechanomiRs include the endothelial cell cycle, inflammation, apoptosis, and Nitric Oxide signaling [124] . On the other hand, Oxidized (Ox)-LDL which are accumulated within the atherosclerotic lesions, are known to enhance the expression of proinflammatory genes, leading to monocyte recruitment into the vessel wall and dysfunction of vascular endothelial cells [125] . Ox-LDL induces the downregulation of let-7 g in endothelial cells through the binding of octamer binding transcription factor-1 to the let-7 g promoter [126] . Interestingly, let-7 g, as well as let7a and let-7b [79] , target the lectin-like low-density lipoprotein receptor 1, which is the receptor for ox-LDL in endothelial cells. One of the most upregulated miRNAs in endothelial cells treated with ox-LDL is miR-365 and potentiates ox-LDL-mediated apoptosis by regulating the expression of Bcl-2 [80] .
Endothelial cells can both produce extracellular vesicles that target other cells and modify their function [76] , or they can be targets of extracellular vesicles derived from other cells. Human monocytes can secrete microvesicles containing miRNAs that are uptaken by endothelial cells and increase their migratory capabilities [127] . MiR-150 is contained in monocyte-derived microvesicles, both from the monocytic cell line, THP1, and from human peripheral blood monocytes [60] . The miRNA can be transferred to endothelial cells and induce downregulation of c-Myb, which is responsible for the increased migratory capabilities of endothelial cells. Moreover, patients with severe atherosclerosis had circulating microvesicles that were enriched in miR-150 compared with control patients, suggesting that their microvesicles might be either partially responsible for the vascularization of atherosclerotic plaques or might be a marker of it, as they have a higher monocyte infiltration in the lesion [60] .
CONCLUSION
MiRNAs are potential therapeutic targets as they possess biological potential to be used as strong biomarkers for the diagnosis of vascular diseases. Although the knowledge of how miRNAs affect endothelial functions has increased substantially within the past 10 years, we are still just beginning to understand the complex regulatory patterns of miRNAs, and many novel questions arise from the combinatorial effect of the different miRNAs. Additionally, miRNAs have also been recently shown to be differentially present in biofluids of patients with different vascular disease and shown to participate in cell-cell communication suggesting their wider functions in vascular diseases.
MiRNAs are critical in fine tuning and in maintaining the physiological balance of the vascular endothelium and appear as important targets for current miRNA-based therapies via reprogramming of endothelial cells using synthetic miRNA mimics or inhibitors. The effect of these novel therapeutic agents on several aspects of endothelial dysfunction remains to be properly assessed.
